Combining the anti-angiogenic agent cediranib with the poly(ADP-ribose) polymerase (PARP) inhibitor olaparib improves progression-free survival compared to olaparib alone in ovarian cancer patients through an unknown mechanism. PARP inhibitors are used primarily in the treatment of patients with DNA repair-associated (BRCA1/2) mutated cancers because these mutations cause a deficit in homology-directed DNA repair (HDR) that confers sensitivity to these agents. However, the combination of cediranib and olaparib was effective in patients without BRCA1/2 mutations. We report here that cediranib confers sensitivity to olaparib by down-regulating HDR in tumor cells. This occurs partially as a result of cediranib inducing hypoxia, which suppresses expression of the HDR factors BRCA1/2 and RAD51 recombinase (RAD51). However, we also observed that cediranib has a direct effect on HDR independent of its ability to induce tumor hypoxia. This direct effect occurs through platelet-derived growth factor receptor (PDGFR) inhibition, activation of protein phosphatase 2A (PP2A), and E2F transcription factor 4 (E2F4)/RB transcriptional corepressor like 2 (RB2/p130)-mediated repression of BRCA1/2 and RAD51 gene expression. This down-regulation was seen in mouse tumor xenografts but not in mouse bone marrow, providing a therapeutic window for combining cediranib and olaparib in cancer therapy. Our work reveals a treatment strategy by which DNA repair can be manipulated in human tumors to induce synthetic lethality, broadening the potential therapeutic scope of cediranib based on its activity as a DNA repair inhibitor.
INTRODUCTION
A recent clinical trial in ovarian cancer found improvements in progression-free and overall survival when an anti-angiogenic agent, cediranib (AZD2171), was combined with the poly(adenosine 5′-diphosphate-ribose) polymerase (PARP) inhibitor olaparib, compared to olaparib alone, in patients with recurrent ovarian cancer (1, 2) . PARP inhibitors are specifically used in the treatment of BRCA mutation-associated breast and ovarian cancers (3, 4) , because the homology-directed DNA repair (HDR) deficit conferred by these mutations renders tumor cells sensitive to this treatment (5, 6) . However, the subset of patients in this trial without documented BRCA1/2 mutations showed superior progression-free and overall survival in the combined olaparib/cediranib arm. The basis of this unexpected result remains unclear. We report here that cediranib directly inhibits HDR, thereby conferring synthetic lethality with olaparib.
Cediranib is an inhibitor of the vascular endothelial growth factor receptor (VEGFR) (7) , developed with the goal of blocking tumor angiogenesis. Accordingly, acute cediranib treatment decreases tumor perfusion and consequently increases tumor hypoxia (8, 9) . Earlier work has demonstrated that hypoxia inhibits HDR in tumors through several mechanisms, including reducing gene expression of the HDR factors BRCA1 and RAD51 (10, 11) , epigenetic silencing of the BRCA1 promoter (12) , and production of the metabolite S-2-hydroxyglutarate (S-2HG), which functionally inhibits HDR (13) . By suppressing HDR, hypoxia may render tumor cells sensitive to PARP inhibitors (14) , inducing synthetic lethality in the tumor microenvironment (15) .
We initially hypothesized that the clinical success of combining cediranib and olaparib was due to cediranib inducing synthetic lethality in wild-type tumor cells by increasing tumor hypoxia. To test this, we used human tumor models in mice, which allowed us to quantify and separately isolate hypoxic and normoxic tumor cells from stromal cells in tumor xenografts. Although, as expected, cediranib induced a small increase in tumor hypoxia, it strongly suppressed the expression of HDR factors in the overall tumor cell population. Because of this discrepancy, we evaluated for additional effects of cediranib on HDR independent of its ability to cause tumor hypoxia. We found that cediranib reduced the expression of HDR factors even in normoxic tumor cells. Furthermore, in cell culture studies under normoxic conditions, cediranib decreased the expression of several HDR factors, functionally impaired HDR, and increased cellular sensitivity to PARP inhibition. Mechanistically, we present evidence that the impact of cediranib on HDR can be attributed to inhibition of the platelet-derived growth factor receptors (PDGFRs) and occurs via activation of protein phosphatase 2A (PP2A), resulting in suppression of HDR gene expression via promoter occupancy by the repressive transcription regulatory complex E2F transcription factor 4 (E2F4)/p130. These findings identify a pathway by which cediranib can alter the DNA repair capacity of cancer cells that has implications for the design of cancer therapies.
ovarian cancer cell line IGROV1. The mice were treated or not with cediranib, and tumors were harvested for analysis. We isolated IGROV1 cells from the tumor stroma (Fig. 1A) and assayed for expression of DNA repair factors. We noted a decrease in the expression of HDR factors BRCA1, BRCA2, and RAD51 in the cediranib-treated groups compared to controls (Fig. 1B) . To determine whether this down-regulation could be explained by an increase in tumor hypoxia, we isolated hypoxic versus normoxic tumor cells from the IGROV1 xenografts using fluorescence-activated cell sorting (FACS) based on carbonic anhydrase IX (CAIX) expression, a marker of hypoxia (Fig. 1, A and C) . We found that cediranib treatment increased the percentage of CAIX + tumor cells (Fig. 1D ). However, the relative increase in hypoxia was mild as compared with the extent of suppression of HDR factor expression. We then assayed HDR factor expression in separately isolated hypoxic and normoxic tumor cells from cediranib-treated and control tumors. As expected, reduced expression of HDR factors was observed in hypoxic cells (CAIX + ) compared to the normoxic cells (Fig. 1E) . Surprisingly, the normoxic cells from the cediranib-treated tumors showed lower expression of HDR factors compared to the normoxic cells from untreated control tumors (Fig. 1F) , raising the possibility that cediranib may affect DNA repair gene expression in a manner independent of its ability to induce hypoxia.
To confirm these results, we used a different tumor xenograft system that allows for FACS isolation of hypoxic and normoxic tumor cells based on hypoxia-induced green fluorescent protein (GFP) expression. The human breast adenocarcinoma cell line MDA-MB-231 was engineered to stably express a construct containing the GFP gene driven by a minimal promoter with five copies of the canonical hypoxia response element (MDA231-5XHRE-GFP). Stabilization of hypoxia-inducible factor-1 (HIF-1) by hypoxia induces GFP expression ( Fig. 2A) . FACS was used to isolate GFP + (hypoxic) and GFP − (normoxic) MDA231-5XHRE-GFP tumor cells from xenografts (Fig. 2, A and B) . Cediranib treatment did not appreciably change the proportions of hypoxic (GFP + ) tumor , effect of cediranib: P < 0.0001; control, n = 14; 3 mg/kg, n = 2 (pooled to one sample); 6 mg/kg, n = 9; 12 mg/kg, n = 3; 18 mg/kg, n = 2 tumors]. (C) Western blot of CAIX in sorted normoxic (CAIX − ) and hypoxic (CAIX + ) cells isolated from IGROV1 tumors (unpaired t test, P < 0.05; n = 5 tumors).
(D) Percentage of hypoxic tumor cells after cediranib treatment (one-way ANOVA, P < 0.05; control, n = 14; 6 mg/kg, n = 10; 12 mg/kg, n = 3 tumors). (E) Western blot of HDR factors in sorted normoxic and hypoxic cells isolated from IGROV1 tumors (unpaired t test, P < 0.05; n = 3 tumors). (F) Western blot of HDR factors in sorted normoxic cells isolated from IGROV1 tumors in control [dimethyl sulfoxide (DMSO)] and cediranib-treated mice at the indicated doses [two-way ANOVA, effect of cediranib: P < 0.001; control, n = 9; 3 mg/kg, n = 2 (pooled to one sample); 6 mg/kg, n = 5; 12 mg/kg, n = 3 tumors]. Data are represented as means ± SEM. Numbers below Western blot panels represent relative quantification of the respective bands normalized to loading control by densitometry.
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cells (Fig. 2C ), but it down-regulated HDR factor expression in normoxic cells (Fig. 2D) . This effect appears to be exclusive to the HDR pathway, because the expression of factors necessary for nonhomologous end joining (NHEJ), the other major pathway for DNA double-strand break (DSB) repair, remained largely unchanged after cediranib treatment (Fig. 2E ).
We then assessed the effect of cediranib treatment on HDR factor expression in normal tissues isolated from cediranib-treated mice. We were concerned about the potential effects of cediranib in the bone marrow, because olaparib is known to cause bone marrow toxicity on its own (16) . However, cediranib treatment had no effect on HDR factor expression in bone marrow cells (Fig. 2F ) or in other normal tissues, including liver, lung, and mammary fat pad (Fig. 2F) . Together, these data suggest that cediranib down-regulates HDR in tumor cells in both a hypoxia-dependent fashion (secondary to reduced angiogenesis) and a hypoxia-independent fashion (a direct effect) but with no corresponding effect on HDR gene expression in nonmalignant, healthy tissue (Fig. 2G ).
Cediranib directly suppresses HDR factor expression in cell culture
To further evaluate potential hypoxia-independent effects of cediranib on DNA repair, we tested the effects of cediranib on cells in culture. Under standard normoxic culture conditions, we found that cediranib down-regulates the expression of HDR factors in the IGROV1 ovarian cancer cell line in a dose-dependent fashion ( Fig. 3A  and fig. S1A ). These results were confirmed in two additional ovarian cancer cell lines, SKOV3 and PEO14, as well as in breast cancer cell lines, MCF7 and MDA-MB-231 ( Fig. 3A and fig. S1A ). We observed similar effects at the mRNA level, as assessed by quantitative realtime polymerase chain reaction (qRT-PCR) (Fig. 3B ). The effects of cediranib on HDR factor expression are independent of BRCA status, because cediranib reduces BRCA1 and RAD51 expression in both the BRCA2-mutant PEO1 and the BRCA2-restored PEO4 ovarian cancer cell line derived from the same patient ( fig. S1B ) (17) . Cediranib only minimally suppressed HDR factor expression in cultured primary human CD34 + hematopoietic stem cells ( Fig. 3C  and fig. S1C ). In addition, as observed in our in vivo tumor experiments (Fig. 2E ), the expression of NHEJ factors remained largely unchanged after cediranib treatment at the protein ( Fig. 3D and  fig. S1D ) and mRNA ( Fig. 3E ) levels in the IGROV1 and SKOV3 cells. To test for the possibility of a secreted factor causing suppression of HDR factor expression, we treated cells with conditioned medium from control and cediranib-treated cells and found no effect on HDR factor expression in either case ( fig. S2 ).
Cediranib reduces HDR activity and increases sensitivity to PARP inhibitors
To assess the functional effects of cediranib on DNA repair, we used several DSB repair assays with specificity for either HDR or NHEJ. Using plasmid-based luciferase assays in SKOV3 cells, pretreatment with cediranib suppressed HDR but not NHEJ (Fig. 4, A and B) . MCF7 DR-GFP and U2OS EJ-DR cells, two chromosomally based HDR reporter cell lines (10, 18, 19) , were also used to assess HDR function. In both cases, treatment with cediranib markedly reduced HDR capacity (Fig. 4 , C and D). Cediranib suppresses HDR to a comparable extent as small interfering RNA (siRNA)-mediated knockdown of BRCA1 and RAD51 (Fig. 4 , E and F). We also observed that cediranib blunted the induction of RAD51 foci after irradiation (2 Gy) (Fig. 4 , G and H), consistent with our findings that cediranib causes a functional suppression of HDR.
We then tested for cediranib-induced PARP sensitivity in the absence of hypoxia. Olaparib treatment reduced short-term cell viability as measured by an adenosine 5′-triphosphate (ATP)-based assay in cediranib-treated cells but not in control IGROV1 and SKOV3 cells (Fig. 5A) . A Bliss analysis of potential synergy found that the combination of cediranib and olaparib treatment was synergistic at several doses (Fig. 5B) . These results are not specific to olaparib, because cediranib also sensitized cells to another PARP inhibitor, BMN673 (talazoparib) (Fig. 5C ). Whereas cediranib did not further enhance the olaparib sensitivity observed in the already BRCA2-deficient PEO1 cells, it did sensitize the BRCA2-proficient PEO4 cells to olaparib (Fig. 5D ), providing evidence that the PARP inhibitor sensitivity observed in cediranib-treated cells is due to a suppression of HDR. Consistent with our short-term cell viability assay, in a long-term clonogenic survival assay, cediranib treatment sensitized IGROV1 and MDA231 cells to increasing doses of olaparib (Fig. 5E ). Furthermore, in IGROV1 cells, combined cediranib and olaparib treatment caused an increase in the expression of the apoptotic markers cleaved PARP and cleaved caspase-3 as compared with cediranib alone (Fig. 5F ). We next evaluated the effects of combined cediranib and olaparib treatment versus the respective single agents alone on the growth of IGROV1 tumor xenografts in mice (Fig. 5G) . We observed that olaparib alone had no effect on either tumor growth or survival (as defined by tumor growth to three times the volume at initial treatment) compared to control (Fig. 5, H and I) , whereas cediranib alone did have a detectable effect compared to control for both endpoints (Fig. 5, H and I) . However, the combination of cediranib and olaparib was substantially more effective in suppressing tumor growth and improving survival compared to either inhibitor alone (Fig. 5, H and I ), demonstrating in vivo sensitization to olaparib by cediranib and matching the effects observed in clinical trials. Together, the above results establish that cediranib increases tumor cell sensitivity to PARP inhibition in a direct manner independent of hypoxia and that this increased sensitivity conferred by cediranib is manifest in vivo in tumors.
Hypoxia-independent effects of cediranib on HDR are mediated by PDGFR inhibition
To determine the target mediating HDR inhibition by cediranib, we first evaluated the role of VEGFR2, the receptor through which cediranib inhibits angiogenesis (7). However, siRNA-mediated knockdown of VEGFR2 ( fig. S3A ) did not alter HDR factor expression (Fig. 6A) . Furthermore, inhibition of VEGFR signaling with the small-molecule inhibitors sorafenib and Maz51 did not consistently mimic the effects of cediranib ( fig. S3 , B and C). Sorafenib did not reduce HDR factor expression in either cell line tested, whereas Maz51 had a modest effect in IGROV1 but not SKOV3 cells. To identify other possible targets that might be mediating this effect of cediranib, we screened more than 400 small-molecule kinase inhibitors from a commercially available kinase inhibitor library for their effects on HDR (Fig. 6 , B and C) using the U2OS EJ-DR cell line (18) . Several of the most potent inhibitors of HDR identified by this screen were small molecules with known activity against PDGFRs (Fig. 6C) . Cediranib also inhibits PDGFRs with nanomolar potency (7). Accordingly, two-way ANOVA, interaction P = 0.19, n = 3 technical replicates; PEO4: two-way ANOVA, interaction P < 0.001, n = 3 technical replicates). (E) Clonogenic survival of IGROV1 and MDA231 cells treated with or without 1 or 10 M cediranib, as indicated, and increasing doses of olaparib (IGROV1: two-way ANOVA, interaction P < 0.01, n = 6 technical replicates; MDA231: two-way ANOVA, interaction P < 0.05, n = 3 technical replicates). (F) Western blot of apoptotic markers in IGROV1 cells treated with 5 M cediranib and/or 5 M olaparib (two-way ANOVA, cediranib versus cediranib + olaparib, P < 0.05; n = 3 independent experiments). (G) Treatment plan for mouse tumor growth and survival study (n = 1 experiment). (H) Growth curves of IGROV1 xenograft tumors in control mice and mice treated with olaparib (50 mg/kg) and/or cediranib (6 mg/kg) (control versus olaparib: two-way ANOVA, interaction P = 0.99, control n = 8, olaparib n = 7 mice; cediranib versus cediranib + olaparib: two-way ANOVA, interaction P < 0.0001, n = 7 mice). (I) Kaplan-Meier plot of survival of mice from tumor growth experiment, with survival cutoff criteria defined as tumor volume greater than three times that at initial treatment [log-rank (Mantel-Cox) test: control versus olaparib, P = 0.77; cediranib versus cediranib + olaparib, P < 0.001]. Data are represented as means ± SEM. Numbers below Western blot panels represent relative quantification of the respective bands normalized to loading control by densitometry.
we found that treatment with the PDGFR inhibitors crenolanib and pazopanib suppressed the expression of HDR factors (Fig. 6D and  fig. S4, A and B) , mimicking the effects of cediranib. The effects of putative PDGFR inhibitors on HDR can be attributed to suppression of PDGFR, because siRNA-mediated knockdown of PDGFR ( fig. S5A ) also down-regulates the expression of HDR factors (Fig. 6E and fig. S5B ) and functionally impairs HDR (Fig. 6F) . Furthermore, overexpression of PDGFR partially reverses the effect of cediranib on HDR factor expression (Fig. 6G) . These effects are specific to PDGFR overexpression, because VEGFR2 overexpression does not reverse the effects of cediranib on HDR gene expression (Fig. 6G) . In addition, PDGFR overexpression rescues cells from the olaparib sensitivity induced by cediranib (Fig. 6H) . These results implicate PDGFR in mediating the effects of cediranib on HDR factor expression, HDR capacity, and PARP inhibitor sensitivity. Because HDR gene expression can vary by cell cycle phase, we also examined the impact of cediranib on cell cycle phase distribution as compared to other small-molecule inhibitors of PDGFR and VEGFR, and to siRNA knockdown of PDGFRs and VEGFR2 (fig. S6, A and  B) . However, no clear correlation emerged between the ability to suppress HDR and effect on cell cycle. For example, we found that cediranib causes a shift to G 1 , but crenolanib, which also suppresses HDR function and HDR gene expression, does the opposite. Furthermore, siRNA-mediated knockdown of PDGFR, which strongly suppresses HDR function, has no effect on the cell cycle. Hence, the effects on HDR through PDGFRs cannot be simply attributed to cell cycle perturbations.
Cediranib suppresses HDR factor gene expression through an E2F4-dependent mechanism
To further probe the mechanism by which cediranib suppresses HDR, we investigated the interactions between cediranib and hypoxia in regulating HDR factor expression. Whereas cediranib and hypoxia both individually suppressed HDR factor expression, the combination of cediranib with hypoxia did not cause a further suppression than hypoxia alone (Fig. 7A ). This epistasis suggests that cediranib and hypoxia suppress HDR factor expression through the same mechanism.
Hypoxia induces p130/E2F4 complexes that bind to E2F consensus sequences in the promoters of HDR genes, reducing gene expression (10, 11) . Disruption of these complexes by the expression of human papillomavirus (HPV) E7 protein prevents this down-regulation (10) . To test whether cediranib also acts through E2F4/p130 complexes, we evaluated the effects of cediranib on HDR factor expression in the presence or absence of E7. E7 expression blocked the effects of cediranib on HDR factor mRNA expression (Fig. 7B) and also blocked the synergistic effect of cediranib and olaparib on tumor cell killing (Fig. 7C) .
Furthermore, after treatment with cediranib, the BRCA1 and RAD51 promoters displayed enhanced occupancy by E2F4 and p130, as measured in chromatin immunoprecipitation (ChIP) assays (Fig. 7D) . Because the down-regulation of BRCA2 expression is also seen under hypoxic conditions (20) and E2F binding sites exist within the BRCA2 promoter (21), we similarly evaluated the role of E2F4/p130 in cediranib-mediated suppression of BRCA2. We found that E7 expression blocks the effect of cediranib on BRCA2 expression (Fig. 7B) . Likewise, cediranib treatment enhanced BRCA2 promoter occupancy by E2F4 and p130 (Fig. 7D) . Cediranib also down-regulates FANCD2 ( fig. S7 ), whose expression is also regulated by E2F4/p130 complexes (22) .
Hypoxia-induced suppression of HDR factor expression involves hypophosphorylation of p130 (11), which mediates its activation. We observed p130 hypophosphorylation, as determined by increased migration of the p130 band in SDS-polyacrylamide gel electrophoresis, in cells treated with cediranib and crenolanib (Fig. 7E and fig. S8 ), providing evidence of a common mechanism linking PDGFR inhibition and activation of p130/E2F4-mediated suppression of HDR gene expression.
Next, we hypothesized that cediranib may act on p130 through activation of the phosphatase PP2A. Hypoxia activates PP2A (23, 24) , and the hypophosphorylation and activation of p130 that occur under hypoxic conditions are likely mediated through enhanced activity of PP2A. PP2A activity is modulated by phosphorylation of tyrosine-307 (Y307), which inactivates the enzyme (25, 26) . PP2A also physically interacts with p130 (27) and plays a role in p130 activation (28) . We therefore evaluated the role of PP2A activation in cediranib-mediated suppression of HDR factor expression. Treatment with cediranib reduced PP2A phosphorylation at Y307, indicating that cediranib increases PP2A activity (Fig. 7F) . This dephosphorylation likely occurs due to cediranib-mediated inhibition of PDGFR signaling, because inhibition of PDGFRs through the small-molecule inhibitor crenolanib or siRNA-mediated knockdown also reduces phosphorylation of PP2A at Y307 (Fig. 7F) . Furthermore, incubation of SKOV3 cells with okadaic acid, a small-molecule inhibitor of PP2A, blocks the effects of cediranib and crenolanib on HDR factor expression (Fig. 7, G and H) , providing further evidence linking PDGFR inhibition, PP2A activation, and suppression of HDR factor expression. These data indicate that, by inhibiting PDGFR signaling, cediranib enhances PP2A activity and that the activation of PP2A is required for the suppression of HDR factor expression caused by cediranib.
DISCUSSION
In this study, we show that cediranib exerts a direct effect on HDR in tumor cells in vivo and in culture, independent of its ability to promote hypoxia. We present evidence that this direct effect on HDR occurs by suppressing PDGFR signaling, activating PP2A, and inducing E2F4/p130-mediated suppression of HDR factor gene expression. The effects of cediranib on DNA repair partially mimic the effects of hypoxia in that both activate PP2A and suppress gene expression through E2F4/p130 complexes. In tumor xenografts, we show that, as expected, cediranib treatment increases hypoxia, and further document that HDR gene expression is reduced in hypoxic cells isolated from tumors. We therefore propose two mechanisms by which cediranib impairs HDR in tumors: (i) a direct effect via PDGFR inhibition that suppresses DNA repair gene expression through PP2A activation and E2F4/p130 occupancy of the HDR gene promoters and (ii) an indirect effect via VEGFR2-mediated inhibition of angiogenesis, causing decreased perfusion and increased hypoxia, which secondarily suppresses HDR gene expression (Fig. 7I) .
We present several lines of evidence supporting a role for PDGFR in mediating the effects of cediranib on DNA repair. We identified a group of kinase inhibitors that have a suppressive effect on HDR similar to cediranib, many of which are PDGFR inhibitors. Cediranib inhibits PDGFR and PDGFR with IC 50 's (median inhibitory concentrations) of 36 and 5 nM, respectively (7). Hence, PDGFR is a plausible target for cediranib at the doses used in the ovarian cancer clinical trial discussed above as well as in the work reported here. We show that siRNA knockdown of PDGFR, but not of VEGFR2, decreases HDR activity and expression of HDR factors, matching the effects of cediranib. We further show that the forced overexpression of PDGFR partially reverses the effects of cediranib. We also show that the activation of PP2A is a required step in the pathway by which cediranib down-regulates HDR factors. Together, these findings place PDGFRs in the pathway by which cediranib suppresses HDR. Although cediranib has been advanced to the clinic as an anti-angiogenic agent inhibiting VEGFR, its additional activity against PDGFR may further contribute to its clinical utility by establishing cediranib as a DNA repair inhibitor.
In keeping with the suppression of HDR, we also find that cediranib increases sensitivity to PARP inhibition, providing the basis for combining cediranib with olaparib even in the setting of patients with BRCA1/2 wild-type tumors. The dual effects of cediranib 9 of 12 on HDR that we have elucidated also provide a mechanistic explanation for the improved outcomes reported in patients with recurrent ovarian cancer treated with cediranib plus olaparib versus olaparib alone (1) . Furthermore, our findings broaden the implications of this clinical trial and expand the potential clinical scope of cediranib.
The ability of cediranib to inhibit DNA repair appears to be specific to tumor cells, because no effect of cediranib on DNA repair gene expression was seen in several normal mouse tissues in vivo (including bone marrow). This differential effect may allow for a therapeutic window for the clinical use of the combination of cediranib and olaparib, because the dose-limiting toxicity of PARP inhibitors is bone marrow suppression (16) .
One potential limitation to this study is that it did not explore how variations in PDGFR expression or mutations in PDGFRs, PP2A, pocket proteins, or E2Fs may impact the effects of cediranib on HDR in cancer cells. Further, in vitro synergism was observed at micromolar concentrations of olaparib and not at the nanomolar concentrations that induce synthetic lethality in BRCA mutant cells (5, 6) . However, clinical dosing of olaparib yields plasma concentrations in the micromolar range (29) , supporting the relevance of these findings for cancer therapeutics.
There is growing evidence of therapeutic and other exogenous compounds regulating DNA repair, including the ability of androgen receptor inhibitors to inhibit HDR in castration-resistant prostate cancer (30) , which has recently shown promising results in a clinical trial (31) . HDR can also be suppressed by environmental manipulations, including hyperthermia (32) . These findings shed light on the diverse mechanisms through which DNA repair can be manipulated, and they have potential implications for the development of combination therapies designed to exploit induced DNA repair deficiencies in cancer cells.
MATERIALS AND METHODS

Study design
The objective of this study was to define the effects of cediranib on the HDR pathway of DNA repair. In vitro experiments were performed in biological triplicate unless otherwise stated. Sample sizes were determined on the basis of previous experience. Tumor growth studies were performed with n = 7 to 8 mice, which have a power of about 80% to detect a difference of 1.25 SDs between two groups at a 5% significance level. For in vivo experiments, mice were randomly assigned to treatment groups. Experiments were not blinded. ) cells were implanted subcutaneously in 100 l of RPMI medium unilaterally in the flanks of athymic nu/nu mice (Harlan). For MDA231-5XHRE-GFP xenografts, medium contained 30% Matrigel. Three times a week, tumors were measured using calipers to determine tumor volume by the following formula: V = 1/2(4/3)(length/2)(width/2)(height).
Mouse tumor xenograft studies
Cell culture
All cell lines were validated by short tandem repeat analysis and were regularly tested for mycoplasma contamination. Reported mutations in DNA repair genes for all available cell lines are listed in table S1. Sources and culture conditions can be found in Supplementary Materials and Methods.
Drugs and reagents
For in vivo gene expression experiments, cediranib (3 to 18 mg/kg; Selleckchem) in DMSO/1% Tween 80 was administered daily for 3 to 4 days via oral gavage once tumors reached an average size of 500 mm 3 . DMSO/1% Tween 80 was used as a vehicle control. For tumor growth studies, mice were treated once tumors reached an average size of 100 mm 3 . Cediranib (6 mg/kg) was administered by oral gavage daily for 1 week, followed by twice weekly for 2 weeks. Olaparib (50 mg/kg in DMSO/10% 2-hydroxy-propyl--cyclodextrin; Sigma) was administered by intraperitoneal injection five times a week for 5 weeks. For cell culture experiments, cediranib, olaparib, sorafenib, crenolanib, and pazopanib (all from Selleckchem) and Maz51 (Cayman Chemical) were dissolved in DMSO and used at final concentrations ranging from 0.25 to 32 M. The final percentage of DMSO in the medium did not exceed 0.1%.
Fluorescence-activated cell sorting
Tumors were dissected and dissociated to single-cell suspension using dispase/collagenase followed by trypsinization. Red blood cells were removed by ammonium chloride lysis. Human tumor cells were isolated using a Mouse Cell Depletion kit (Miltenyi Biotec). For CAIX staining, cells were incubated in fluorescein-conjugated CAIX antibody (R&D MAB2188) for 30 min. Cells were sorted into fluorescein isothiocyanate (FITC)/GFP + and FITC/GFP − fractions using a FACSAria cell sorter (BD Biosciences).
Western blotting
Cells were lysed in AZ lysis buffer (50 mM tris, 250 mM NaCl, 1% Igepal, 0.1% SDS, 5 mM EDTA, 10 mM Na 2 P 2 O 7 , 10 mM NaF) supplemented with Protease Inhibitor Cocktail (Roche) and PhosSTOP (Sigma). Band intensities were quantified using ImageJ64 software. Antibodies can be found in Supplementary Materials and Methods. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and vinculin were used as endogenous loading controls.
qRT-PCR analysis RNA was isolated using an RNA Miniprep kit (Qiagen) and used to synthesize complementary DNA (cDNA) using a High-Capacity cDNA Reverse Transcription kit (Applied Biosystems). The resulting cDNA was used in qRT-PCR assays using TaqMan Universal PCR Master Mix and Gene Expression Assays (Applied Biosystems; information in Supplementary Materials and Methods). ACTB and 18S expression were used as endogenous normalization controls. A StepOnePlus RT-PCR system (Thermo Fisher Scientific) was used to measure fluorescence intensity in real time and to calculate cycle thresholds.
Cell-based HDR assays
HDR assays were performed using MCF7 DR-GFP and U2OS EJ-DR cells as previously described (10, 19, 33) . Briefly, cells were seeded and pretreated with cediranib for 6 to 24 hours. For MCF7 DR-GFP cells, site-specific DSBs were introduced using electroporation with Amaxa Nucleofector II and Nucleofector Kit V (Lonza) to deliver 4 g of a plasmid encoding the restriction enzyme I-Sce I per 1 × 10 6 cells. For U2OS EJ-DR cells, DSBs were induced by the addition of triamcinolone (0.5 M; Sigma) and Shield1 (100 nM; Clontech) to cell culture medium for 24 hours to activate the endogenously expressed I-Sce I enzyme. MCF7 DR-GFP and U2OS EJ-DR cells were analyzed by flow cytometry to quantify GFP + cells 72 hours after DSB induction.
Cell viability and clonogenic assays
Cell viability assays were performed using CellTiter-Glo (Promega). Briefly, 2 to 20,000 cells per well were seeded in a 96-well plate and then treated with cediranib and/or olaparib for 48 to 72 hours. Luminescence was quantified using a Synergy HT plate reader (BioTek). Synergism analysis was calculated by the Bliss model using Combenefit software (34) . For clonogenic survival assays, 250 to 1,000 cells per well were seeded in six-well plates and treated with cediranib (1 to 10 M) and/ or olaparib (0.25 to 5 M) for 48 hours. About 1.5 weeks later, cells were permeabilized in 0.9% saline solution and stained with crystal violet in 80% methanol. Colonies were counted manually.
siRNA-mediated knockdown
Cells were treated with siRNA for BRCA1, RAD51, KU80, XLF, VEGFR2, PDGFR, or PDGFR (Dharmacon SMARTpool) at final concentrations of 10 to 100 nM for 72 to 96 hours. A nontargeting scrambled siRNA (Dharmacon SMARTpool) was used as a control. All knockdowns were confirmed using Western blot or qRT-PCR.
Chromatin immunoprecipitation
ChIP was performed as previously described (10) . Primer information can be found in Supplementary Materials and Methods.
Statistical analysis
Statistical analysis was performed in GraphPad Prism. The following methods were used to determine significance: unpaired t test, one-way ANOVA, and two-way ANOVA. All testing was two sided with a testing level () of 0.05. Unless otherwise stated, data are presented as means ± SEM, with n = 3 replicates. Original data are provided in data file S1.
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